Summary. Protein phosphorylation is involved in sperm capacitation, so the effect of protein phosphatase inhibitors on the capacitation of spermatozoa of males with unexplained infertility was investigated. D-mannose ligand speci®c receptor expression in fresh, living spermatozoa, capacitated or treated with calyculin A (an inhibitor of protein phosphatases 1 and 2A), was studied in three groups of men: pre-vasectomy (fertile) males, males in couples with male infertility, and males in couples with infertility of unknown aetiology. Flow cytometry showed signi®cant differences between infertile couples with a male factor and fertile couples (P<0.05), both after capacitation and after treatment with calyculin A. In the group of couples with infertility of unknown aetiology (n=15), D-mannose receptor expression was diminished in six cases after classical capacitation. However, when the spermatozoa of these six men were treated with calyculin A, ®ve showed an increased speci®c D-mannose receptor expression. From these results it is suggested that in vitro treatment of spermatozoa with inhibitors of protein phosphatases may be of great value in some cases of unexplained infertility.
Introduction
Human spermatozoa in ejaculate have only a potential fertilizing capability, since until they come into contact with the components of the seminal¯uid they are not capable of fertilizing homologous oocytes. Since 1952, when Austin described the sperm capacitation process, a great number of studies have been undertaken in order to characterize this post-ejaculatory maturation stage.
Various characteristics associated with this process have been observed, including a reduction of the super®cial negative charge on the spermatozoa, the alteration of linking patterns to lectins (Cross & Overstreet, 1987) and an increase in membrane¯uidity with a fall in the cholesterol/phospholipids ratio, with the released cholesterol regulating the capacitation process (Benoff et al., 1993a) . In addition, Margalioth et al. (1992) reported the appearance of new epitopes during the maturation process.
Many methods for detecting the capacitation process have been developed in the laboratory, due to the absence of an unequivocal morphological correlation (capacitation occurs asynchronically in the sperm population). Benoff et al. (1993b) reported the expression of D-mannosespeci®c receptor-binding radicals in the acrosome region as molecular markers of the sperm capacitation process. They seem to link the reduction in fertilizing capacity in males with unexplained infertility to low or even no expression of such receptors (Tesarik et al., 1991) and their relationship with the low rate of fertilized oocytes in FIV-TE programmes (Benoff et al., 1993b (Benoff et al., , 1993c .
In studies of the external stimuli required for sperm fertilizing capacity, AMPc was found to play a very important role as an intermediary between these stimuli and the metabolic cascade which results in acrosomal exocytosis (De Jonge et al., 1991; So®kitis et al., 1993 (Furuya et al., 1993) . Pukazhenthi et al. (1996) suggest that the diminished phosphorylation ef®-ciency of spermatozoa from teratozoospermic cats may result in a compromise between capacitation and acrosome reaction. The biochemical mechanisms exclusively restricted to the capacitating process have not yet been determined.
This work investigates the effect of calyculin A, a protein phosphatase inhibitor, on the expression of speci®c receptors for D-mannose residues of spermatozoa from men with unexplained infertility.
Materials and methods

Patients
Ejaculates of 45 men attending the Reproduction Division of the Virgen de las Nieves Hospital (Granada, Spain) were analysed. The collection and treatment of samples were performed according to the World Health Organization guidelines (WHO, 1992) . The samples studied were divided into three groups.
1 Donors of proven fertility (n=15). Males waiting to be vasectomized (pre-vasectomy), whose sperm characteristics were normal according to the WHO guidelines, were included in this group. 2 Men of infertile couples with male factor (n=15). According to the WHO guidelines, oligozoospermatogenic (j20r10 6 cells ml x1 ), asthenozoospermatogenic [j25% spermatozoa with type Q(+++) motility], teratozoospermatogenic (j30% of normal morphologies) and all combinations of these pathologies were included in this group. 3 Men of infertile couples with unexplained infertility (n=15). This group consisted of males with infertility of unknown cause whose seminal parameters were normal.
Women from couples belonging to groups 2 and 3 did not show any apparent cause of infertility.
After liquefaction of ejaculates and subsequent washing with PBS, the selection of motile spermatozoa was made by swim-up in Menezo B2 (INRA Menezo B2, BioMe Árieux SA, France). The resulting overswimming fraction was aliquoted and the expression of receptors for D-mannose was determined in fresh spermatozoa (post-swim-up), capacitated and treated with calyculin A.
Capacitating conditions
For capacitation, a fraction of the swim-up spermatozoa was incubated in a concentration of 1r10 6 cells ml x1 at 37 uC in Menezo B2, in air with 5% CO 2 , for at least 3 h.
According to the protocol proposed by Furuya et al. (1993) , a third aliquot from the swim-up spermatozoa was incubated in calyculin A (100 nmol l x1 ) for 15 min under the above conditions. Calyculin A is a protein phosphatase 1 and 2a inhibitor.
Detection of D-mannose ligand areas
The suspensions of spermatozoa were incubated, for 30 min at 37 uC in humid air containing 5% CO 2 , with mannosed albumin labelled with uorescein (man-BSA-FITC, Sigma A-7790, Sigma Chemical Co., St Louis, MO) at a ®nal concentration of 100 mg ml x1 for evaluation with an epi¯uorescence microscope (Olimpus BH2, Tokyo, Japan) or 20 mg ml x1 for evaluation bȳ ow cytometry analysis.
After washing the spermatozoa with PBS, extensions on slides were made and left to dry without ®xation, and were then evaluated using the epi¯uorescence microscope.
The¯ow cytometry analysis was performed with an Ortho Cytoron Absolute TM cytometer (Ortho Diagnostic Systems, Johnson & Johnson, Madrid), adjusting the cells to a concentration of 1r10 6 spermatozoa ml x1 , and monitoring at least 5000 cells for each test.
Control incubations were made with BSA-FITC to adjust the¯uorescence background and with D-mannose as a competitive inhibitor for the receptors, to rule out any nonspeci®c linkage.
Statistical analysis
The mean values were compared by twoway analysis of variance using the BMDP statistical program (BMDP Statistical Software, Los Angeles, CA).
Results
D-mannose ligand areas of the sperm surface visualized by¯uorescent microscopy revealed distribution patterns for the neck and tail in fresh spermatozoa and for the head in capacitated spermatozoa (in classical capacitation as well as in capacitation produced by calyculin A).
The quanti®cation of receptor expression by the sperm population was studied by¯ow cytometry. The mean valueststandard deviation in ANDROLOGIA 33, 282±286 (2001) each group studied and for each treatment are shown in Table 1 .
For both sets of capacitating conditions, receptor expression in spermatozoa differed signi®-cantly (P<0.001) between the infertile and fertile groups.
In the group of infertile males with unexplained infertility, we observed a signi®cantly lower (P<0.001) expression of receptors of D-mannose after capacitation than in the fertile group. However, after treatment with calyculin A, the expression of such receptors was similar to that of the control group. The reason for this is that in six cases there was a low expression of these receptors after classical capacitation, but after treatment with calyculin A ®ve of the six presented a similar expression to that of the control group. The remaining individuals in this group (n=9) presented a similar expression to that of the control group for both capacitating conditions (Table 1) .
The histograms in Figure 1 for data obtained by¯ow cytometry analysis show the linking intensity to mannose-BSA-FITC in a representative patient from each of the groups and for each treatment applied. The expression of spermatozoa after swim-up in the different groups (1A, 2A, 3A), the increase in the expression of receptors for D-mannose during capacitation in the fertile group (1B) and the decrease of expression in the other two groups (2B and 3B) are shown. The effects of treatment with calyculin A are shown in 1C, 2C and 3C. While in infertile males there was no increase in the expression of receptors for mannose (2C), there was an increase in the fertile group (1C) and in infertile males with unknown aetiology whose spermatozoa presented a low expression of D-mannose receptors after classical capacitation (Table 1, Figure 1, 3C ).
Discussion
Speci®c receptor proteins for D-mannose residues present in the sperm plasma membrane are active in the interaction with the oocyte (Mori et al., 1989 (Mori et al., , 1993 . These receptors are expressed by spermatozoa during the capacitation process, although in the fresh post-ejaculatory phase low expression can be found in the neck and/or tail area (Benoff et al., 1993b) . However, their role in the physiology of reproduction requires their presence in the acrosome. The present results agree with the receptor distribution patterns proposed by Benoff et al. (1993a) ; thus it is possible to detect whether capacitation has taken place. The pattern is variable according to the group studied and the treatment applied.
In the group of fertile individuals, normal behaviour after capacitation was found, in terms of response and patterns observed. Moreover, the capacitation process is accelerated after calyculin A treatment, as only 15 min was required to reach maturation. Furuya et al. (1993) reported similar results, although they detected capacitation by the¯uorescent chlortetracycline technique, which is less speci®c.
Biochemically, regulation of the capacitation process is partially explained by the release of cholesterol from the plasmatic membrane by acceptors present in vaginal secretion and by adenylcyclase activation, which through AMPc production activates AMPc-dependent protein kinases (De Jonge et al., 1991) . Phosphorylation of intracytoplasmatic proteins during this process is of great importance (Furuya et al., 1993) . Olds-Clarke et al. (1996) reported a possible relationship between sterility and lack of tyrosine phosphorylation of hexokinase type 1 (HK1) in mutant spermatozoa (from sterile tw32/tw5).
In the present study, the increase in the expression of speci®c receptors for D-mannose in spermatozoa treated with an inhibitor of protein phosphatases directly links the capacitation process with the presence of phosphorylated proteins, and in addition reveals that protein phosphorylation takes part directly in the expression of D-mannose.
In agreement with Tesarik et al. (1991) , we observed that the group with male factor infertility presented a decreased expression of D-mannose receptors, both in spermatozoa subjected to classical capacitation conditions and in those treated with calyculin A. Therefore, sterility may be a consequence of the absence of capacitation in spermatozoa.
In the group with infertility without an apparent cause we found a similar behaviour to that of the fertile group, except in six cases. The low expression of the receptors reveals a failure in normal physiological capacitation development, as occurs in the infertile group for the male factor. This fact is re¯ected in the studies by Benoff et al. (1993b Benoff et al. ( , 1993c , who observed that infertile males with unexplained infertility, who have low expression of receptors after capacitation, produce low rates of fertilization of oocytes in IVF programmes. However, induction of the expression of these receptors after treatment with protein phosphatase inhibitors suggests a possible alteration in the regulation of the phosphorylation/dephosphorylation process. If proteinkinase activity were slowed down for any reason, phosphatase inhibition would obviate this defect. This could explain why some spermatozoa with apparent biochemical normality need a longer period than normal for capacitation, up to 3 days (Benoff et al., 1993b) . Therefore, the addition of protein phosphatase inhibitors would allow the process to be speeded up. . Flow cytometry analysis of sperm¯uorescence obtained after incubation with mannose-albumin-FITC in one representative individual of the different groups studied for each of the different treatments employed (1A, 2A, 3A=spermatozoa after swim-up; 1B, 2B, 3B=spermatozoa after capacitation in albumined environment; 1C, 2C, 3C=spermatozoa treated with calyculin A). Group 1 contains individuals of proven fertility (pre-vasectomy); group 2 is the male factor group, and group 3 contains males in couples with unexplained infertility, whose spermatozoa showed a very low D-mannose receptor expression after classical capacitation.
ANDROLOGIA 33, 282±286 (2001) The fact that there was one male in the group with unexplained infertility whose spermatozoa did not capacitate or react to the calyculin A treatment suggests that there are different biochemical processes involved in sperm capacitation.
The investigation of protein phosphorylation in the sperm capacitation process and its relationship to infertility is a promising new ®eld in the treatment of male infertility that has no apparent cause.
